The wear in hip implants is one of the main causes for premature hip replacements. The wear affects the potential life of the prosthesis and subsequent removals of in-vivo implants. Therefore, the objective of this article is to review various joints that show lower wear rates and consequently higher life. Ceramics are used in hip implants and have been found to produce lower wear rates. This article discusses the advantages and disadvantages of ceramics compared to other implant materials. Different types of ceramics that are being used are reviewed in terms of the wear characteristics, debris released, and their size together with other biological factors. In general, the wear rates in ceramics were lower than that of metal-on-metal and metalon-polyethylene combinations.
Typical Modular Hip Implant
Vol. 15, Nos. 1-2, 2004 Wear Mechanisms in Ceramic Hip Implants ceramic femoral head articulating with polyethylene that have been reported in the English language literature from 1970-1997 121,28,30,31,36/. The prevalence of this fracture has been higher for ceramic on ceramic articulations, especially those in which the ceramic head was manufactured before 1979, when the material was inferior because of its larger grain size which lowered surface finish /2,16,36,67/.
The effective strength of ceramic is a function of the strain rate; several factors may increase the risk of failure of a ceramic femoral head /20,36/. Increased weight and activity of the patient may increase the risk of fracture by increasing the load across the joint; however, in some studies, increased activity has not corresponded with an increased rate of fracture /2,36/. Nizard found that the ceramic components in patients who were less than fifty years old had a better rate of survival than those in older patients 12,21,28,30,31,36/. A history of trauma was associated with only three of the eleven instances of failure of a ceramic polyethylene hip replacement. The trauma involved a minor fall onto the contra lateral hip in two patients and onto the ipsilateral hip in the other. There was no drastic event related to the fracture in the remaining eight patients.
There have been some cases where alumina-on-alumina has been targeted for high wear rates which led to high rates of osteolysis, and most of these are all with the Mittelmeier total hip system /76,94/. The alumina material of this system has a large grain size, low density, and a high porosity, all of which were bad combinations for the solution of minimizing wear rates. In addition, this prosthesis had a poor socket design that was responsible for a rate of failure as high as 27% /2,16,36,61,67,80/.
Alumina on Alumina Implants
Alumina oxide (A1 2 0 3 ) belongs to the material class of oxide ceramics, which comprises pure and sintered metal oxides. As is well known, metals are arranged in a so-called electrochemical series from noble to base metals. This system can be transferred to metal oxides when turning around the sequence. The noblest metals have oxides of base nature and vice versa. The metal aluminum is a typical base metal. Aluminum oxide or alumina is the noblest oxide. It is chemically identical with the well known gem sapphire, and with small additions of chromium it turns out to be a ruby. Sapphire and ruby are monocrystalline. The aluminum oxide Biolox to be described here is polycrystalline.
Biolox alumina is compared to metallic biomaterials with respect to the physical properties in Table 1 .
The ceramic material has a low specific weight and a high hardness, which is half the weight and 15 times the hardness or steel /58/. The difference in hardness results in a metal abrasion in the ceramic surface where there is contact with a relative motion of both materials. The high hardness requires diamond tools to machine alumina ceramics.
Ceramic materials and metals differ with respect to the mechanical strength properties, whereas the compressive, flexural and tensile strength of metals are about the same range. These properties differ considerably in case of alumina ceramics. The compressive strength is about 10 times the flexural strength and 15 times the tensile strength /l,2,3,4,61,95/. Compared to metals, alumina shows a clearly higher 52 Alumina has excellent corrosion resistance in the body environment. As ion release is always a basic requirement for a chemical reaction, and hence, a reaction between the implant and the bone tissue, it is simultaneously the reason for the superior corrosion resistance and for the biocompatibility of alumina 12-9,61/. It has been clinically observed that the alumina surface is completely covered by protein molecules immediately after the implantation. As a result, the body accepts alumina and does not recognize it as a foreign substance, and the chemical defense mechanisms of the body do not react.
The favorable tribological properties can be attributed to the atomic structure of the alumina crystal, which is characterized by hexagonal stacking of closely packed oxygen layers, with aluminum ions on octahedral sites /58/. Based on this structure, a mechanism has been described to explain the superior wear and friction properties in terms of the absorption behavior of the surface /58/. In a cross sectional view through a sphere model of the surface, the outer ionic layer consists of oxygen ions rather than aluminum The right hip was operated on in 54 patients, the left hip was operated on in 40. and a bilateral replacement was preformed in 12. The initial diagnoses are shown in Table 2 . An alumina on alumina combination was used in all patients. The collared femoral component was made of titanium alloy Ti-6A1-4V and was available in both a cemented and a cementless configuration. The acetabular component and the 32 mm femoral head were made of dense polycrystalline surgical grade alumina Ali-0 :> . The all alumina socket could be either cemented or inserted without cement. Special reamers were available for the implantation of Table 2 Initial diagnosis and biological effects
Underlying Disease No. of Hips Percentage
Primary osteoarthritis 75 64 Congenital hip dyplasia 24 20 Femoral neck fracture 9 8
Avascular necrosis 8 7
Posttraumatic osteoarthritis 1 0.8
Slipped capital femoral epiphysis 1 0.8
Total 1 18 100
54 components without cement. The femoral head was secured to the femoral stem with a Morse taper. In all patients, the femoral head and cup were matched to reduce the clearance between the two components to about 50 micrometers. 33 of the 118 acetabular components were cementless, and 85 were cemented. 29 of the 118 femoral stems were cementless, and 89 were cemented. The arthroplasties were preformed with cementing of both components in 85 hips, were hybrid in 4, and were cementless in 29.
At the time of the follow up, 45 patients were alive and had not had either acetabular or femoral revision.
25 patients had undergone revision of either or both components. 27 patients had died from unrelated causes, and 9 patients had been lost to follow ups; these 42 hips were functioning well. Thus, the status of 106 of the original 118 hips was known at the last follow up examination. Of the 45 patients who were still alive, and had not had a revision, 40 were evaluated both clinically and with use of an anteroposterior radiograph of the pelvis made at a minimum of 18.5 years after the index arthroplasty. With revision of either component for any reason as the end point, the cumulative survival rate at twenty years was 68.3%. With revision for any reason as the end point, the survival rate at twenty years was 85.6%.
In the subject study, of the original 106 patients, no massive osteolysis was reported in the acetabular side of the replacement. In all 106 cases no osteolysis was reported in the femur side of the replacement. Minimal acetabular osteolysis occurred in association with the loose cemented acetabular components, whereas no osteolysis occurred in association with the cementless sockets. This shows that what little bone loss occurred could have been caused by the cement, and not from the alumina debris. Also in the 106 hip replacements studied, there were no fractures of the head or socket after a minimum of 18.5 years; this finding supports the idea that the risk of fracture of alumina is minimal when appropriate material improvements are made. Table   3 shows the different survival rates and the different components.
Alumina ceramic has a Young modulus that is 300 times greater than that of bone and 190 times greater than that of cement /6I/. Therefore, the process of loosening of alumina sockets is probably a mechanical phenomenon due to a stiffness mismatch between the alumina cup and either the bone or the cement /6I/.
The follow up study of 106 hips showed that minimal wear rates along with limited osteolysis can be extrapolated for up to 20 years, provided that sound fixation of the acetabular component is obtained /6I/; this is shown in fable 3.
Other studies have focused on how the body reacts to ceramics. Christel preformed one study which found that alumina particles of less than five micrometers have been found within microphages in animal studies /24,41/. Alumina was less reactive than titanium and polyethylene. Alumina particles were inconsistently found in biopsy specimens retrieved from hip capsules during revisions of aseptically loose cups that had been inserted without cement. Christel concluded that the overall foreign body reaction to ceramic particles from loose alumina-alumina prosthesis is less intense that the reaction to other orthopedic biomaterials such as polyethylene, metal, or bone cement/24,41/.
In another study, ceramic on ceramic bearing was inserted without cement, and no evidence was found of acetabular or femoral osteolysis at a mean of nine years after the operation /70/. However, long term results are needed to comment on this issue. 
Alumina on Polyethylene
Between 1973 and 1975, Semlitsch extensively tested the wear behavior of the polyethylene/ceramic pairing 1561. The following observations were made.
• The biocompatibility, biostability, and corrosion resistance of Biolox alumina ceramic balls is better than that of metal balls
• No reduction in strength of Biolox ceramic balls in the body.
• Hardness and scratch resistance of ceramic are around 6 to 10 times greater than that of metallic materials.
• Surface quality of highly mirror polished Biolox ceramic balls is better than that of metallic balls.
• The wettability of ceramic surfaces with aqueous solutions is better than that of metallic surfaces.
• The wear of polyethylene cups in combination with Biolox ceramic balls is lower than other combinations.
In order to guarantee good clinical results with ceramic balls paired with polyethylene cups, the purity, density, grain size and the mechanical strength must be subject to minimum requirements 1561. In addition, an optimum fit of cone between the ceramic femoral taper of the ball and the metallic taper shank of the hip prosthesis must be given consideration.
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• Modulus of Elasticity 380,000 N/mm2
• Resistance to Pressure 5,000 N/ mm2
• Resistance to Bending 600 N/ mm2
Limits on static compression tests, impact tests, and the subsequent pulsation tests for the two different ball sizes, 28 and 32mm are shown in Table 6 . This table shows that the larger femoral heads withstand more compression resistance as well as containing more pulsation resistance. Figure 3 shows the wear factors in difference in head sizes along with the change from CoCr to zirconia in wear volume. The figure shows that a smaller head size has less volumetric wear. This is due to the reduction in surface area in the smaller head. Reducing the surface area also reduces the area of the material in articulation which will reduce the wear.
In order to avoid failure of ceramic balls, it is highly recommended to order all parts of the total hip prosthesis from only one supplier. The ceramic balls can be sterilized either with gamma rays or steam. The ball is attached intraoperatively to the carefully cleansed metallic cone by performing a rotary motion. The Table 6 Characteristics of different ball sizes. 
Zirconia on Zirconia Implants
Alumina implants have certain limitations that can lead to failure, such as fracture of the femoral head. The inflammatory response of zirconia particles, either in the range I to 3 μιη or submicron 0 to Ιμιη, was studied using the rat air pouch model and compared with the inflammatory response of alumina particles of the same sizes /37,5I/. From a clinical standpoint, one should compare the inflammatory response observed for small zirconia particles (0-1 μιη) with the inflammatory response for large alumina particles
(1 -3μιη). The least inflammation was observed with the zirconia particles /37,48,51/.
Recently, the biocompatibility of zirconia surgical grade ceramic was compared with that of alumina using human osteoblast cell cultures. The results indicated that neither material altered cell differentiation or cell growth rate in accordance with the absence of any inducing effect on deoxyribonucleic acid synthesis or cellular proliferation /37,47,48/. Other in vivo experiments on magnesia stabilized zirconia or on calcium oxide stabilized zirconia concluded the same absence of tissue reaction.
The radioactivity of zirconia ceramics previously has been a concern because technical grades of zirconia powder were used as pacifiers for bone cement /40/. Contrary to surgical grade zirconia ceramics, such powders were rather impure and contained a low content of uranium and thorium oxides /37,40/. Uranium and thorium radionuclides are present in zirconia raw minerals, but are eliminated during purification processing of surgical grade zirconia powders. Zirconia powders used for surgical products have an extremely low content of radionuclides. As a consequence, the radioactivity of the surgical grade ceramics is lower than the normal ambient radioactivity induced by natural radiations /37,40/.
The primary reason for using zirconia ceramic as a bearing component in orthopedic surgery is its outstanding mechanical properties, which result from the well-known mechanism of phase transformation toughening. The material reinforcement results from the metastability of the tetragonal phase, which can transform into a monoclinic phase under stress. This mechanism is fully active in zirconia ceramic. As a consequence the fracture strength of zirconia ceramic is at least double and currently three or fourfold than that of alumina. Moreover, the fracture toughness of zirconia ceramic is approximately twice that of alumina, making zirconia ceramic not a brittle material, even though fracture occurs in a brittle manner.
In addition to outstanding mechanical properties, zirconia ceramics offer a high corrosion and scratch resistance over metals /25,37,44,45,48,54/. This has been clearly shown by several authors who measured the content of ion release in the lubricant after hip simulator tests of various femoral heads against polyethylene cups. The wear rate and roughness change after pin-on-pin wear test was also measured using polymethylmethacry late cement pins. The results are summarized in Tables 4 and 5 . After 100,000 cycles on the hip simulator test, with polyethylene cups, alumina and zirconia do not show any ion release as observed for metals. Pin-on-disk wear tests with polymethylmethacrylate cement clearly show the scratch resistance of zirconia ceramic. Contrary to metals, after 10 million cycles there are no detectable wear or surface roughness changes shown in Table 5 . Figure 2 shows the comparisons and volumetric wear rates between
CoCr-on-polyethylene, alumina-on-polyethylene, alumina-on-alumina, and zirconia-on-zirconia.
Several studies have focused on the wear behavior of zirconia ceramics against polyethylene. Zirconiaon-zirconia clearly shows the lowest volumetric wear rates at .016 cubic millimeters per million cycles.
One such study was shown by Derbyshire et ai, who compared the polyethylene wear for either stainless steel or zirconia femoral heads with different diameters from 32mm to 22mm. Derbyshire observed a significantly reduced polyethylene wear for zirconia heads and the wear rate of polyethy lene decreased with the diameter of the head /46/.
Wear tests done in dilute bovine serum for CoCr and zirconia heads 28mm and 22mm in diameter are
shown Figure 3 . A decrease of polyethylene wear with zirconia femoral heads was observed. This decrease was two to three times lower for zirconia femoral heads than for CoCr femoral heads /38.42,53/.
The. comparison of wear rates observed in joint simulator tests for several bearing pairs shows that zirconia-on-zirconia has the least amount of volumetric wear rates compared with alumina-on-aluinina.
alumina-on-polyethylene and CoCr-on-polyethylene paired bearings.
The use of zirconia femoral heads in ceramic on ceramic bearing pairs for total hip replacement has also been studied with the main objective for alumina on alumina being to completely eliminate the risk of polyethylene debris. The use of zirconia in ceramic on ceramic total hip prostheses was predicted to be disastrous, both for the zirconia on alumina combination and for the zirconia on zirconia. However, some tests were done with nonrepresentational conditions (ring-on-disk in water under high load) or with inappropriate ceramic material compositions. Joint simulator tests, however, done in bovine serum and.
revealed the zirconia on alumina combination to have a very low wear rate, of the same order as the alumina or alumina pair /18,37,49,55/. Such low wear rates were not only observed by Cales /37/, but also by Villermaux /101 /. Bovine serum was used in all tests as the lubricant in joint simulators. Therefore, there is a consensus that the zirconia on alumina bearing pair has a low wear rate, as is usually observed for alumina on alumina /37/.
The analysis of the surface of the zirconia femoral heads after wear against an alumina liner con firmed the absence of any significant surface degradation. For instance, an x-ray diffraction study indicated that the monoclinic content at the surface of the zirconia femoral heads after 10 million cycles (sliding against an alumina liner) remains below the detection limit, and is similar to what is currently observed on as-produced zirconia femoral heads. The absence of transformation also is confirmed by fine surface roughness measurements using an optical interferometer on zirconia femoral heads before and after 10 million cycles against alumina inserts /37/. Using dilute bovine serum as the lubricant, the surface roughness changed from .0025μηι before the wear test to .0045μιη after 10 million cycles /37/. This is attributed to line and uniform microscratching of the zirconia femoral heads. The wear mechanism is completely different to what is observed for alumina on alumina pairs. In the case of zirconia on alumina combination, because of the lower hardness of zirconia compared with alumina, there is a self-polishing of the zirconia femoral head during sliding against alumina surface /37/. This produces very fine submicron zirconia debris. As reported earlier, such submicron zirconia debris do not induce adverse tissue reaction. In the case of alumina on alumina combination, because of the high hardness of alumina, the wear mode appears to be significantly different.
although the wear rate remains very small. There are fewer scratches than on zirconia femoral heads, but they appear to be deeper and some grain pullout is observed, especially when the two scratches overlap. In addition, the alumina grains are clearly apparent on the worn surface of the alumina femoral head, as if they were etched during sliding against the other alumina surface.
Although 
SUMMARY
With the growing need for a longer lasting hip implant, materials which reduce wear and osteolysis are in great demand. From this study ceramics have been found to be a superior alternative to metals. Ceramics are biocompatible and produce smaller wear debris particles at a much lower rate than metals. Ceramics are also corrosion resistant, while metals do oxidize, which can lead to the release of metal ions in the body. Ceramics are also much harder and much more scratch resistant than any other type of implant material used today.
The surface of ceramic heads can be polished to a smoother finish than metals. This means when in articulation ceramics have lower wear in the joint. Ceramics also have great wettability properties and work well in a wet environment, unlike metals which can corrode and pit. This moisture that ceramics keep in the joint through their wettability properties help keep the joint lubricated which reduces wear. Throughout this article, it has been documented that wear is the main cause for premature replacements. The wear affects the potential life of the prosthesis and subsequent removals of implants. By reducing wear and eliminating the risk of osteolysis, longer life spans of the components may be achieved. Ceramics meet most of the requirements in order to extend the life of the implants, as long as compressive stresses develop in the bearing.
There are two main types of ceramics that are used today, alumina and zirconia. These materials are both good choices, especially when in comparison to metal and polyethylene components. However, zirconia does have a higher tensile strength and a harder and more scratch resistant surface which can also be polished down slightly smoother than the surface of alumina.
